Integrons are genetic elements, widespread in gram-negative bacteria, which could be considered as natural vectors for the reshuffling and expression of antibiotic resistance genes (17) . The most common kind of integron, called class I, could be dissected into three separate parts (Fig. 1) . The 5Ј conserved segment contains a gene (intI1) for a site-specific recombinase and includes the recombination site attI. The 3Ј conserved segment contains the sulfonamide resistance gene sulI. The two conserved segments are separated by a central variable region that contains different combinations of antibiotic resistance genes. The 3Ј sides of the resistance genes in the variable part of integrons are associated with palindromic sequences that have been called 59-bp elements or recombination hot spots (RHSs) and are sites of specific recombination (10) (11) (12) . An antibiotic resistance gene and the 59-bp element associated at its 3Ј end is known as a gene cassette. Gene cassettes excise from integrons and can integrate at different positions, thereby contributing to integron diversity (2) (3) (4) 14) .
Transposon Tn21 contains a class I integron called In2. The integrase from In2 is common to all integrons in this class and has been called IntI1 (14) . IntI1-mediated recombination between two 59-bp elements or between a 59-bp element and an attI site can occur at a high frequency (12) .
In addition to mediating recombination between 59-bp elements and attI, which are primary recombination sites, IntI1 was also found to mediate site-specific recombination between a primary site and secondary sites (7, 8, 13) . The secondary sites for IntI1 were defined by the degenerate pentanucleotide GWTMW. More than 50 secondary sites were sequenced, and this pentanucleotide was the only conserved feature present in all of them (7) . Secondary sites are thought to be an important subject for analysis because they can facilitate the association of new genes into integrons and because they could have been the substrate for the creation of 59-bp elements during evolution (6, 7). We reasoned that sites showing intermediate recombination efficiencies could already exist in natural plasmids and that they could provide clues to the genesis and essential features of a 59-bp element and, hence, the formation of gene cassettes. Following this idea, we found a hot site for IntI1-mediated recombination in plasmid F. The sequencing and structural analysis of this site allowed us to propose a model of the structural elements that could constitute an IntI1 target site.
Recombination between plasmid pOX38, a transfer-proficient derivative of plasmid F devoid of insertion sequences and transposons (9) , and pSU2086, a chloramphenicol resistance plasmid that contains the 59-bp element RHS-2 (12), was studied in the presence of the integrase overproducer plasmid pSU2056 by a mating-out assay as described previously (7) . Transconjugants obtained on agar plates supplemented with The two open boxes represent the conserved 5Ј and 3Ј regions. The integron's variable region, containing the antibiotic resistance (AR) genes, is in the center, flanked by two small filled boxes that represent the integrase recombination sites. The attI site is at the 5Ј conserved region-variable region boundary, and a 59-bp element is at the variable region-3Ј conserved region boundary. Abbreviations for restriction enzymes are as follows: B, BamHI; H, HindIII; G, BglII; P, PstI; and S, SalI. The genetic structure of the element is shown in the lower part of the figure. Abbreviations: Int, integrase; PInt, integrase gene promoter; Pant, promoter; aadA, for antibiotic resistance genes; ORF, open reading frame; Sul, streptomycin resistance gene sulfonamide resistance. chloramphenicol and nalidixic acid contained a single plasmid whose size, as determined by restriction analysis, was the sum of the sizes of pOX38 and pSU2086. The frequency of recombination between pOX38 and pSU2086 was estimated at 4 ϫ 10 Ϫ6 (Table 1 ). Recombinants were analyzed by restriction with EcoRI, which showed that they contained the two parental plasmids fused together and that recombination had oc- a The mating assay for recombination was performed as follows. Derivatives of E. coli UB1637 containing the IntI1 overproducer plasmid pSU2056 and the plasmids shown in the first column (a conjugative and a nonmobilizable plasmid) were mated with E. coli UB5201 as described previously (7). The appearance of the marker of the nonmobilizable plasmid in the recipient can be achieved only after physical linkage of the two partners. This was always confirmed by plasmid analysis on agarose gels.
b The conduction frequency was expressed as the number of transconjugants carrying the marker of the nonmobilizable plasmid divided by the number of transconjugants carrying the marker of the conjugative plasmid. The frequencies of conduction are the sums of the frequencies of IntI1 site-specific recombination at all the different sites used in that experiment. Conduction frequencies for plasmids pSU18 and pSU2068 were included as reference values.
c n, the number of times an experiment was done. 
a Oligonucleotides for sequencing were labelled at the 5Ј end with T4 polynucleotide kinase and [␥-
32 P]ATP as described previously (16) . Sequencing reactions were performed in a programmable thermocycler with the FemtoMol sequencing kit from Promega. curred between the RHS in plasmid pSU2086 and different secondary sites in pOX38. A total of 33 independent recombinants were analyzed, 17 of which used the same recombination site. The recombination sites of the 16 remaining recombinants were evenly distributed among 11 different secondary sites in pOX38. This suggested that the site that accumulated 17 insertions was not a regular secondary site and that it should contain some specificity determinant responsible for its use at a frequency around 10 times higher than those of the other secondary sites in the same plasmid.
The DNA sequences at the junctions between pOX38 and pSU2086 in the above-described recombinants were determined by using oligonucleotides M13 and 3ЈRHS-2 (Table   2 ), which flank RHS-2 in plasmid pSU2086. Recombination in the 17 identical recombinants occurred in the pentanucleotide GTTAT (Fig. 2, experiment 1) , fitting the consensus secondarysite, that was located in the psiB gene of plasmid pOX38. Inspection of this sequence revealed a second consensus pentanucleotide, GATGA, 5 bp from the recombination site, in the opposite DNA strand. Besides, a 100-bp sequence with the GTTAT active recombination site at its 3Ј end could potentially fold into a complex stem-loop structure (see Fig.  3b ). This sequence will henceforth be called fhs1. The effects of each of the two above-mentioned structural features on IntI1-mediated recombination at the F hot spot were analyzed separately. 
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To study the effect of the presence of a second inverted consensus pentanucleotide on IntI1-mediated recombination, we constructed the plasmid pSU18P, which contained 16 bp at the 3Ј end of RHS-2 from In2. This region contains two inverted consensus pentanucleotides separated by 6 bp (see Fig.  4b ). For its construction, oligonucleotides P1 and P2 (Table 2) were annealed and ligated into EcoRI-and HindIII-digested pSU18 (1) by standard methods (16) . Recombinants produced by recombination between the IncW conjugative plasmid R388 (5) and pSU18P were obtained at a frequency of 3 ϫ 10 Ϫ6 (Table 1) . A total of 28 independent recombinants were studied by restriction analysis and DNA sequencing. All were fusions of the two plasmids produced by IntI1-mediated sitespecific recombination using a primary site in R388 (RHS-5 was preferentially used). With regard to the recombination site in pSU18P, the synthetic double site was used for 16 recombinants (57.1%). Recombination in 9 of the 12 recombinants for which the double site was not used was found to occur in the sequence TTATCtgattaataagatGATCT (Fig. 2, experiment  2) , underlying the attracting effect of a second pentanucleotide.
To identify other factors affecting recombination efficiency in the pOX38 hot spot, a 185-bp DNA region from pOX38 encompassing the site fhs1 was amplified by PCR and cloned into EcoRI-and SalI-digested plasmid pSU18 (1). The resulting plasmid was called pSU18F ( Fig. 3a; see also Fig. 4a ). IntI1-mediated recombination between R388 and pSU18F was found to occur at a frequency of 1.5 ϫ 10 Ϫ5 (Table 1) . pSU18F-R388 recombinants were analyzed with restriction endonucleases, and the recombination sites were sequenced. Of the 72 recombinants analyzed, 29 resulted from recombination at the same GT-TAT site preferentially used in pOX38 while 39 others used the GATGA site located 5 bp upstream (Fig. 2, experiment 3) . Only 4 of the 72 recombinants used secondary sites present elsewhere in pSU18F. The sequence of the plasmid pSU18F around the new recombination site was analyzed for the presence of secondary structure. A new sequence (fhs2), larger than fhs1 but with similar characteristics, was present in pSU18F due to the junction of insert and vector sequences at the cloning site. This sequence might be able to fold as the stem-loop structure shown in Fig. 3c . To study the importance of the fhs2 sequence in recombination at the GATGA site, we constructed the plasmid pSU18FKm. Plasmid pSU18FKm contained a kanamycin resistance cassette in the PstI site of pSU18F which acted as a spacer to disrupt the fhs2 sequence and to prevent the formation of the putative stem-loop structure. Recombinants resulting from IntI1-mediated recombination between R388 and pSU18FKm were obtained at a frequency similar to that of R388-pSU18F recombinants (Table 1) . However, 80% of the recombinants used the same GTTAT site used in pOX38, and the remaining 20% used different secondary sites. The GATGA site used in pSU18F was no longer used in pSU18FKm, probably as a consequence of the disruption of fhs2.
Plasmid pSU18F was further manipulated in an attempt to raise the recombination frequency to the levels observed at primary sites. First we obtained the plasmid pSU18F.2, in which nucleotides 55 to 77, which form the extra loop in the potential structure of fhs1, were removed ( Fig. 3b and 4c) . The frequency of recombination between this plasmid and R388 was 4 ϫ 10
Ϫ5
. Of the recombinants analyzed, 70% were found to have recombination sites at the GTTAT terminal pentanucleotide, and the sites for the 30% remaining were found to be other secondary sites. Plasmid pSU18F.2 was mutagenized so that the sequence of the cloned site would approach that of the consensus reported for the ends of the 59-bp elements (3). This new plasmid was called pSU18F.3 (Fig. 4d) . R388-pSU18F.3 recombinants were obtained at a frequency of 6.5 ϫ 10
Ϫ4
. In this case, all the recombinants studied used the GTTAT site (Fig. 2, experiment 4 ), as happened with IntI1 primary sites.
Secondary sites for IntI1-mediated recombination have been characterized in small plasmids such as pSU18 and pA-CYC184, in large plasmids such as pSU711, and in the Escherichia coli chromosome (7, 8) . They were used at a frequency 10,000 times lower than that of the primary sites. However, all the secondary sites were used at similar relative frequencies. When IntI1-mediated recombination was studied in the plasmid pOX38, 17 of 33 independent recombinants were found to have used the same site, indicating that it was not a regular secondary site and that it should contain some additional information responsible for its use at a frequency around 10 times higher than those of other individual secondary sites in pOX38. Like the secondary sites in pSU711 and in the E. coli chromosome, the hot spot in pOX38 had a second pentanucleotide. This observation suggested the existence of two classes of secondary sites, namely, single pentanucleotides and double sites. A double site would consist of a pair of consensus pentanucleotides, in opposite orientations, separated by a 3-to 7-bp spacer. They could be defined by the consensus WKAWCN 3-7 GWTMW. The vector pSU18 contains only a double site, which is found in the chloramphenicol resistance gene. Recombinants for that site cannot be obtained with the conduction assay used. The study of recombination between the plasmid pSU18P, containing a cloned double site, and R388 clearly demonstrated that double sites were preferred by IntI1 over single pentanucleotides. The cloned double site was used for 16 of 28 independent pSU18P recombinants. Furthermore, for 9 of the 12 pSU18P recombinants that did not use the double site, recombination was found to have occurred in the sequence TTATCtgattaataagatGATCT. This sequence, which contains four consensus pentanucleotides, had been previously reported to be active in IntI1-mediated recombination between R388 and pACYC184 (7) and could be considered a double site with an unusually long spacer (13 bp). In addition, this sequence was located in a region rich in consensus pentanucleotides, suggesting that pentanucleotide concentration could also be a factor in integrase-mediated DNA binding and recombination. Similar cooperative interaction has been proposed for integration when several secondary attachment sites are present in the same DNA region (15) .
The pOX38 hot spot was used at a higher frequency than other double sites in the same plasmid. A means of understanding this difference was provided by the R388-pSU18F recombinants. Two different pentanucleotides were used as targets in this plasmid, at almost the same frequency. When we analyzed the nucleotide sequence of pSU18F, we observed the presence of two partially overlapping sequences, fhs1 and fhs2, each of which was able to fold as an independent stem-loop FIG. 5 . Double sites in the 59-bp elements and other IntI1 recombination sites. Several 59-bp elements from naturally occurring integrons and the proposed consensus are shown in the first part of the figure (A). Site fhs3 (from pSU18F.3) is also included here. Sites fhs1 and fhs2, which were the preferred sites used in pSU18F, are shown below (B). The lowest part of the figure shows several double sites used in plasmid pSU711 (7) , in the E. coli chromosome (8) , and in plasmid pOX38, other than the hot spot (C). structure ( Fig. 3b and c) . Thus, we assumed that the plasmid pSU18F could adopt two alternative secondary structures and that the recombination site was selected depending on the secondary structure formed. This hypothesis was supported by the fact that the GATGA site that was used in pSU18F was not used in plasmid pOX38 because the fhs2 sequence that probably promotes recombination at this site of plasmid pSU18F does not exist in pOX38. Furthermore, plasmid pSU18FKm, in which the fhs2 sequence was disrupted, no longer recombined at the pentanucleotide GATGA found in the 3Ј end of fhs2.
Analysis of the results presented to this point indicated that IntI1 used double sites better than single pentanucleotides and that the efficiency of use of a double site could be increased by the presence of a stem-loop structure in which the double site is located at its 3Ј end. The frequency of recombination at the F hot spot (fhs1), which fulfills the above requirements, was significantly lower than the frequency of recombination at IntI1 primary sites (59-bp elements or attI). The plasmids pSU18F.2 and pSU18F.3 were constructed to make the fhs1 site similar to an IntI1 primary site. In pSU18F.2, the 23 bp that probably form the lateral loop in the fhs1 stem were removed. This change did not produce a significant increase in either the recombination frequency or the specificity of the reaction. The sequence of plasmid pSU18F.2 was further modified to coincide with the consensus 59-bp element (3). This new plasmid was called pSU18F.3, and fhs3 was the target contained within it. In this case, the frequency of recombination increased to almost the value for a primary site and all the recombinants obtained were products of recombination at the 3Ј-terminal pentanucleotide. These results indicated that both sequence and structure are important determinants for IntI1 site-specific recombination.
These data, taken together with a reexamination of the nucleotide sequences of the available 59-bp elements (Fig. 5) , stressed the importance of the consensus pentanucleotide as the basic and minimal sequence required for IntI1-mediated recombination, suggesting that they are integral parts of primary recombination sites. As can be seen in Fig. 5 , most of the primary sites would be bounded by two double sites in opposite orientations. The whole sequence exhibited some dyad symmetry, allowing the formation of a stem-loop structure with the two double sites paired at the base of the stem (Fig. 6) . In most cases, the stem continues into a third, GC-rich region. In addition to exhibiting symmetry, the sequence also showed some conserved nucleotides (regions I to III in Fig. 6 ), which permitted the elaboration of a consensus for 59-bp elements (Fig.  5 ) that was similar to the consensus sequence proposed previously (3). A fourth region, also GC rich, which is variable in length is found in the center of the site (Fig. 6 ). In this structure, the recombination crossover point is always the conserved G of the 3Ј-terminal pentanucleotide. This analysis also suggests that the pentanucleotide could be the basic sequence for integrase binding and reaction. The preferential use of double sites could indicate that the active form of the integrase is a dimer, and the presence of two double sites at the ends of primary sites probably indicates that an integration complex with several integrase units could be required for optimal recombination conditions. Further analysis of the recognition site should be done, as well as in vitro experiments with the purified integrase, in order to clearly determine the details of the IntI1-DNA interaction.
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